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With the domination of modular multilevel converters (MMCs) interfaced power grids, especially for trans-
mission of the wind generated energy, the control of such power electronic interfaced grids is of an utmost
important for the proper operation and grid stability. This control is very complex due to multivariable

transmission intercoupling and plausible nonlinearity. To enhance the grid stability and reduce the total harmonic distortion
Model predictive control (MPC) . o .
Deadbeat control (THD) of the converter, the paper proposes development of an optimal voltage level-model predictive control

(OVL-MPC) for a fast dynamic response, integrated with classical proportional-integral (PI) outer-loop control
for robust steady-state performance. This control eliminates the problems of poor steady-state performance
of MPC while achieving faster transient response in comparison to the classical proportional integral (PI)
dual-loop control. The work proposes OVL-MPC for lower computational burden in comparison to switching
state-based MPC, for the inner loop replacing the classical PI inner loop. With the inherent advantages of
lower computational burden and superior transient performance, AC current deadbeat controller is used for
the modulation in OVL-MPC. To improve the robustness of the control method, the Moore-Penrose pseudo-
inversion is applied to address control parameter mismatches, while the Smith predictor compensates for time
delays. The designed control algorithm is tested with two real-time simulation platforms, i.e., OPAL-RT and
RTDS for thorough power system validation.

1. Introduction proportional-resonant (PR) in stationary «f frame. The control objec-

tive of circulating current and sub-module capacitance voltage bal-

Modular multilevel converters (MMCs) are the most promising con-
verter topology for renewable energy sources integration, offering mod-
ularity, scalability, superior power quality, lower switching losses,
etc [1]. All of these attributes make MMC-based power systems at-
tractive where the initial system installation cost is not the priority,
for e.g., in medium-voltage or high-voltage DC (HVDC) power system
applications [2,3]. The high cost of MMCs is derived from huge number
(hundreds) of controllable switches being used for better performance,
voltage scalability, as well as redundancy and reliability compared
with the conventional two-level voltage source converters (VSCs). This
means that the control of MMCs is a lot more sophisticated in com-
parison to the conventional VSCs including, in addition to the primary
output power/voltage control, the circulating current and sub-module
capacitor voltage balancing control mechanisms [4,5].

The outer loop control objective of a power or voltage control
can be realized using linear controllers such as proportional-integral
(PD) in transformed rotating dq frame or non-linear controllers like

ancing are needed to tackle the operation of multiple controllable
switches in MMCs. However, these objectives involve multi-variable
inter-coupling and strong nonlinearity [6]. If the inner control action
can be realized faster using a controller with faster convergence, the
outer control action can be subsequently resolved using a conventional
linear controller (e.g. PI) making the overall dual-loop control with su-
perior transient performance and robust steady-state performance [7].
Literature has covered a lot of different controllers for power electronic
interfaced power grids, such as sliding mode control [8,9], Lyapunov-
energy based control [10-12], back-stepping control [13], and others.
One such controller with faster convergence and complex multivariable
handling attribute is model predictive control (MPC) [7,14-16]. MPC
can be useful for defining constraints in complex control problems with
relative ease compared to its PI counterpart. It has superior transient
performance with the ability to handle complexity, non-linearities and
multivariable intercoupling. There are two classes of MPC [17]: (a)
switching-state based MPC, (b) voltage-level-based MPC. The authors
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in [6] have covered the classification in detail. The essential difference
between the two classes is that in switching-state-based MPC, different
possible states of controllable switches are assessed to minimize the
defined cost function. This is a computationally burdening method
which may lead to the poor steady-state performance. In addition,
considerable effort is required to fine-tune the weights for effective cost
minimization. Voltage-level-based methods use only N+1 voltage levels
(where N is defined as the level of MMC) to find the optimal solution.
This reduces an enormous amount of computational burden. However,
in comparison to the switching-state based MPC, modulation for MMC
switches needs to be done externally in the case of the voltage-level
MPCs. Additionally, this can be simplified by using a less detailed MMC
averaged model, but it reduces the level of details used for designing
control, and thus, it reduces its accuracy [16].

Deadbeat control is one of the best possible solutions to provide
a modulation stage without the need to evaluate the weights, cost
function, or switching states for the optimal voltage level control [18].
It reduces a lot of computational burden and provides superior transient
performance due to faster convergence.

One of the issues of deadbeat control is the influence of time delay
in a feedback loop. However, there are several methods to compensate
for the time delay, such as the Smith predictor [19], lead compen-
sators [20], or neural network-based system identification, etc. Another
issue with deadbeat control is model parameter uncertainties, which
can be resolved by applying parameter identification methods, such as
Moore-Penrose pseudo-inversion [21], or the implementation of neural
networks [22,23] for the parameter identification. Also, these issues
and other uncertainties, such as non-linearities of the converter model,
can be resolved as shown in [24,25].

Various ac current deadbeat controllers are proposed in the liter-
ature for the modulation stage in MMC-based power systems [6,15,
26-29]. These papers utilize the Euler discretization method, which is
clear and simple, but less precise compared to the zero-order hold dis-
cretization that is used in this paper. Stability analysis considering the
influence of parameter mismatch and time delay is conducted in [6],
albeit neglecting the active resistance. Furthermore, the circulating
current is controlled using a deadbeat controller, which is also the case
with [15]. In this paper both circulating and DC input currents are
controlled using MPC, relying on its stability and reliability, character-
istics needed for the good performances of the MMCs integrated into
the HVDC systems.

The proposed work in this paper is focused on exploring the combi-
nation of linear outer loop control, optimal voltage level-MPC (OVL-
MPC), and classical control for inner loop along with AC deadbeat
control for modulation in a multi-terminal MMC-HVDC system. OPAL-
RT and RTDS real-time simulations are used to verify the proposed
controller to show the validity of the method on different real-time
platforms, first on the modulation level with OPAL-RT simulation, and
then on the HVDC power system level using RTDS. The performance of
the devised controller is tested for different power transients and load
switching in the digital twins of TenneT’s 2 GW Program [30,31] based
on the future plans for European HVDC connection.

The rest of the proposed work is organized as follows. Section 2
dives into the power electronic-building block, i.e., MMC whereas
Section 3 analyzes the conventional OVL method and the proposed
control method. Section 4 presents the OPAL-RT real-time validation of
one MMC device, whereas Section 5 presents the RTDS-based real-time
validation to further ensure the plug-and-play control attribute of the
proposed control method inside the bigger MMC-based HVDC power
system. Finally, Section 6 concludes the work.

2. Modular multilevel converter
The MMC depicted in Fig. 1 has three legs, and each leg consists of

two arms. Each arm of the MMC has Ng,, H-bridge submodules (SMs).
The variables shown in Fig. 1 are defined for all three phases, i.e., j €
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Fig. 1. Three-phase MMC topology.

{a, b, c}. Half-bridge SMs are represented by their averaged equivalents,
with R,,,, and L,,,, being the equivalent arm resistance and inductance,
respectively. Each SM has capacitance Cg,,. The converter model is
developed using the ¥ — A4 nomenclature, the variables in the upper
and lower converter arms can be represented as in [4,6,8,10-12,14,15,
32-34]:

A U L z b +i1

i< =i — i T 1

=iy iy, 0 7 (1a)
A U + Ll p) U L

vy, = ———————— Uy, = Uy, + U7, 1b
Mj 2 ’ Mj M/+ Mj> ( )

are currents of the upper and the lower arm of the
phase j € {a,b,c}, while U‘A/“ and v]Lw are the upper and lower arm
Voltages of the phase j € {a,b,c}. DC-bus current is given as

Z W +ih= Y i )

/G {a,bc} Jj€lab.c}

where if.] and it

while DC-bus voltage can be expressed as

s div
Ve = Vyg; +2Lam—— o + 2R, % i 3)
Combining (3) and (2), the dynamic model of DC-bus current is ob-
tained as
dig, 1
o T 2L [30‘“ - 2 i

arm Jj=ab,c

= 2R, iy ] (€]

Circulating current of the leg in the phase j is defined with

ig,
i =i - % 5)
From (3), (4) and (5), circulating current dynamic model can be
presented as

di;
jz 1 Z = b :
= v = 3v: —6Ra,mljz], (6)
dr 6L, [; e
where
z
Y igy
¥y _ > . I
vi=|o | =i |- )
UEZ lez

Please note that bold symbols in previous equations present vectors,
and this notation will be used throughout the text.
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From Fig. 1, upper arm voltage can be written as

v Ve v di dig
ij=7_Rarmlj _Larm dt —Rl LE_I// . (8)

Similarly, lower arm voltage is determined by

B Uge B diL diA G
UMj = 7 - Rarmij - Larm a + RI + L— Q@ I/l . (9)
With subtraction of (8) from (9), (10) is obtained
. v " d(if.f —if)
Umj = Vm; = Rarm(’ -+ LarmT
A (10)
i
+ 2R: + 2L + 2VG

From combination of (1 0) with (1a) and (1b) follows

b,
203 . = Ryis + Ly ——
M arm arm
J J ., dr (11)
i
A J G
+ 2sz +2LE +2Vj ,
which leads to a dynamic model of the AC currents given as
dif R, +2R
S 2 vﬂ/,.—v.G—Lﬁ . (12)
dt L, +2L J J 2 J

3. Control method

The control system for an MMC is divided into two sections: the
outer control system (OCS) and the inner control system (ICS). The
OCS is presented in Fig. 2, and its role is to determine AC and DC
current references, which are essential for ICS. OCS is composed of
three subsystems: (1) Phase-locked loop (PLL), (2) Active and reactive
power control, and (3) Energy control. The first subsystem estimates
the phase of the grid voltage. The second one is in charge of determin-
ing AC current references necessary to satisfy input variables, active
and reactive power reference at the AC terminals P, ,,, and Q. s,
respectively. The third subsystem produces DC-bus current reference,
based on energy stored in SM capacitors using energy-based reference
tracking.

3.1. Conventional OVL-MPC

Conventional OVL-MPC [17] is one of the potential solutions for
executing the ICS of the MMC. Based on arm current measurements,
currents i* and i4 can be calculated from (1a). The number of the
submodules inserted within each leg is constant and set to Ng,,, i.e. the
sum of the number of submodules inserted in the upper arm NIV and
the lower arm N/ equals to NV + N} = Ng,,. This translates to
Ngy + 1 possible combinations of inserted modules in the upper and
lower arm. Each pair results in different predicted values for AC and
circulating currents, and the pair that offers minimal cost function in
each switching period is chosen.

By applying zero-order hold discretization to the dynamic model
in Eq. (3), and with NJU =n; and N = Ngy —n; , the predicted value

of the current i; =P for the pair (n, s N sm — 1) is obtamed as

—T,

i) (K + DT) = 17 (KT e

, 2 a3
+ <udc(kTS) - ij.[nﬂ(kTQ)L

R ,

z

with R, = 2R,,, L, = 2L,,,, and 7, = L,/R,. Also, v;, and
=

Uy are considered constant and equal to V,.(kT) and Vﬁj [n;1(KTy),
respectively, during the switching period that starts at k7,, which

justifies zero-order hold discretization. Furthermore, value VA)jj[n 1(KT)
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Fig. 2. Block diagram of OCS.

is the function of the number of submodules inserted in the upper arm
n; such as:

Vi T, = m Ve (KT) + Ny = n)Vi, (KT, 14)
where
Vb (KT, = ! > 0505 KT,
Nsm x=1,2,..Ngp
1 ' (15)
Vi (KT = D Vb KT

Nsum x=12,.Ngp

By applying zero-order hold discretization to Eq. (12), the predicted
value of the AC current in phase j for the pair (n;, N ), —n;) is obtained
as

il )((k + DT,) = if(kTs)e;Tcs

A G 16
AR <kTs)(1 _E;A) (16)
Rac ’
with
R, +2R L,,,+2L
Rac = %’ Lac = armT’ (17)

and 7,, = L,. /R, Also, VA‘}j [n;1(kT) and VjG(kTS) are discretized rep-
resentations of voltages ufw [n;] and ujG, respectively, that are consid-
ered constant during the switching period that starts at ¢ = k7. Further-
more, value Vlélj[n ;1(kTy) is the function of the number of submodules
inserted in the upper arm n; and:

-n, VY (kT,) +(Ngp — (kT)

n) SMJ

A J'SMj 18
Vi (KT, = 5 a8
Reference values i?re ; and ’, rof = lderef /3 are obtained from OCS.

Since OVL-MPC is a per-phase method, each phase has a separate cost
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function
critin;] = %[, (e + DT,) = i57(n;)(k + DT, |, .
19
+A4|i mf((k+ DTy) —if""[nj]((k+ l)TS)),

where A* and 14 are weighting factors. Optimal n; is chosen by
minimizing the cost function. Based on the obtained values of n;, N

U
J
and N JL are determined for each phase.
3.2. OVL-DB

A block diagram of the ICS of OVL-DB method is presented in
Fig. 3. The first block is DC current and circulating currents control,
with the role of determining the number of the inserted SMs in the
single leg N 2 based on DC-bus reference i de,ref> UPPET and lower arm
currents ij LY, i, i1 and 1J [iL, ik, iL]", and SM capacitor
voltage measurements in both upper and lower arms ngj and VSM L
respectively. This block can be based on different control mechamsms,
and in this paper, OVL-MPC and classical control are used.

As the number of the inserted SMs is fed to the AC current dead-
beat control this block generates not—necessarily integer values N}] =
[NV, NU, NYTT and NJL [NE, NE, NI to produce good quality of
AC current These values serve as modulation references for both upper
and lower arm voltages providing input values for the final block called
Balancing and Modulation.

The Balancing and Modulation block also tracks SM capacitor volt-
ages and arm current. The first step is sorting SMs based on their
capacitor voltage measurements. Then, sorting results and arm current
signs determine whether the individual SM will be inserted, partially
inserted, or bypassed, to achieve energy balance throughout the arms.
Also, this block keeps the number of the inserted SMs per leg NJ.Z
constant throughout the sampling period.

Due to deadbeat and MPC being sensitive to the control parameter
mismatch and time delay, Model parameters estimator and Delay com-
pensation blocks are also included in the control structure as can be
seen from Fig. 3.

3.2.1. DC-bus and circulating current control

DC-bus and circulating current control are essential for MMC proper
operation, so OVL-MPC is one of the possible ways to regulate them.
Here, AC current control is excluded from the MPC algorithm, so this
block as an output gives the optimal leg voltage level, compared to
the usual optimal upper and lower arm voltage levels. The prediction
model is based on dynamic models of DC-bus and circulating current
models from the previous section.

A zero-order hold discretization method is used in this paper. To
utilize this form of the discretization on DC-bus dynamic model from
(4), voltages v,, and uﬁj are assumed constant and equal to their
average values V,, (kT,) and vfd (kT,) during one sampling period T,
with that period starting at k7, k > 0. Then, the DC-bus current
predicted value at the next time instant is given as:

i ((k+DT,) = iy (kT,)e™ s/

2\ 1= T/ (20)
2 VMJ'>R—'

j=a,b,c z
A similar procedure ig conducted regarding the circulating current:
voltages v* are considered constant during the individual sampling
periods, which justifies zero-order hold discretization. The predicted
value of the circulating current i, at the moment (k + 1)T; based on
the measured value of the same current at the moment kT, i, (kT)), is

given as:

i ((k+DT;) =

5 s \1—eT/m @1
+ ( D VMj—3VMj>T.

Jj=ab.c

+ | 3V, —

i, (KT, )e ™15/
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Voltage anj presents leg voltage, and this voltage depends on the SM
capacitor voltages throughout the leg and the number of inserted SMs.
SM capacitor voltages are not equal one to another, and the number of
the inserted SMs between the arms is yet to be determined by the next
control block. However, it is assumed that every SM capacitor voltage

is equal to the mean value Vi, (kT;) = ( SM/(kT )+ V. Mj(kTS))/Z. So,

Vit KT)) = N Vipyj (KT). 22)

Now, it is left to find the optimal value N/.Z . This number is chosen from
the set n € {1,2,..2N}. That set is also the domain of the cost function

critln] = Ay, |i i ((e+DTy)|,

ldcref -
+ 2, Z

Jmf—[ ((k+ DTy)|,
Jj=a,b,c

(23)

where iy, .., and 4, are reference value and weighing factor for DC-bus
current, while i;, - and 4, are reference value and weighing factor for
circulating currents, respectively. The preferable value of N /2 is

sz = crit™! [min{crit[n]}]. (24)

This equation is essential when utilizing OVL-MPC for the DC-bus and
circulating current control.

With all three components of the vector vJ o IN dqz reference frame
obtained, it is possible to determine components of the same vector
in stationary abc reference frame. Each component in that frame is
then divided with the mean value of the SM capacitor voltage for their
respective leg, V), ;. Finally, vector N%i is fed to the next block in the
ICS.

Computational burden of OVL in this method is increased from
N + 1 to 2N + 1. However, it is evident that the cost function of the
proposed method includes decoupled DC input and circulating currents,
unlike the conventional OVL method that regulates ijZ separately in
each phase.

3.2.2. AC current deadbeat model

The output of the previous block, the number of SMs inserted per
leg, NI.Z, is fed to AC deadbeat current control shown in Fig. 3. Each
AC phase has separate deadbeat control. From (16), with replacement
of if’p [n;1((k + DT,) with i?’ref(kTs), V[é“ can be determined as

Roc (14, (6T) = 14T e 7 )

A _ G
Vit =V + = (25)
On the other hand,
N}.L(kTS)VSLMj(kTS) - N;f (kTS)V_é’Mj(kTS)
M= 5 . (26)

where N;’(kTA.) and NjL(kTA.) are the number of SMs that will be
inserted in the upper and lower arm of the phase j for the following
sample period T;.

Taking into account relation N* = N¥ — N jU with (25) and (26),
the number of the SMs that need to be inserted in the upper arm of the
phase j can be calculated from

oL G 2Rm(zlr8/(kT) ik e Tr/fac)
NU = NiVsy,; =2V - e Tl @27

! V.S[']M J + V.S]:M J
So, the main idea of the proposed method is to utilize non-integer
values for NV and N ]L (the number of SMs inserted in the lower arm),
while still maintaining their sum to be N2 throughout the switching
period. This is accomplished by simultaneously changing the integer
values of NV and N with help from the two modulation carriers, each

for each arm of the single phase.
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Fig. 3. Block diagram of ICS with utilization of OVL-DB.

3.2.3. Modulation

The deadbeat algorithm determines NV and N’ for each phase, and
these values are forwarded to the modulation block. The modulation
block has a balancing algorithm incorporated; the number of SMs
inserted in upper arm throughout the whole switching period is equal
to the floor of the non-integer number NV (references of these SMs
are set to one), while the number of SMs bypassed in the same arm
is equal to N — [N;f] (their references are set to zero). There is a
single SM remaining, and reference of this SM is assigned to N — LN}VJ.
Thanks to this reference, a non-integer average number of inserted SMs
throughout the switching period is achieved. The choice of which SMs
will be inserted, bypassed, or partially inserted (SM with non-integer
reference value) is made based on the sign of the arm current and SM
voltages, to achieve balanced energy distribution throughout the arm.
The modulation principle is presented in Fig. 4.

3.2.4. Model parameters estimator

An error in control parameters can affect the performance of any
control system, but it has an even greater impact on control algorithms
that rely heavily on the parameter values, such as deadbeat control.
The influence of parameter discrepancy on algorithm performance is
analyzed in the following text and a parameter estimation procedure is
proposed to overcome this issue.

Block diagram of the deadbeat control accounting for model param-
eter mismatch and the time delay is given in Fig. 5. In this part of the
analysis, the time delay is neglected, i.e., a = 0. Now, the closed-loop
transfer function is:

1-E, Ry z-E
Ger(2) = KpRge 1| 1-E . ° 28)
14 fefee L I2E g
1-E, Ry z-E ¢
where kg = R, ./R, is the mismatch coefficient of the AC load
resistance, and
=T Rae sRace TskRRac
E =e¢ Lac ’Ec —e¢ Lace =¢ kpla (29)

where k; = L,../L, is the mismatch coefficient of the AC load
inductance. With the substitution y = kg/k; in Eq. (28), it becomes:

kpRee 1 1-E
1-E" R, z-E
Gep(2) = krRee 1 Zl E ., (30)
14 XrRae 1 12 py
1-E" R, z-E
For further simplification, (30) can be rewritten as
kr(l1=E)
G = . 31
= T EN—EQ = BN+ kgE (1= E) (31)
So, the single pole of transfer function (31) equals
_E")— (1 — (1 —
L _EU-EN-kgE(-E) . kgE'1-F) 32)
’ 1-E7 1-E7
The system is stable provided that
-1<z,<1, (33)
ie.,
7(1 —
<p_ fREA-E) (34)
1-Er

The second part of (34) is satisfied as both minuend and subtrahend
being positive, and E < 1. Regarding the second part of the condition
(z, 2 —1), numerical analysis reveals values of k and k, for which this
condition is violated, which leads to system instability. For example, for
kg, ky € (1/3,3), there are cases where z, is smaller that —1. However,
for kg, k; € (1/2,2) there are no such instances.

The previous analysis shows that unchecked parameter variations
may lead to system instability. To ensure system stability, it is necessary
to conduct model parameter estimation during system operation. In this
paper, the Moore-Penrose inverse application will be used to determine
parameter values for pairs (R,, L,) and (R,., L,.). This approach is par-
ticularly useful when the number of parameters involved is relatively
low and a large number of sampling points is available. Such problems
can generally be formulated as

by =xjay, +x0ay + -+ xpapy, ke {l,2,...,N}, (35)
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where k is the sample number, b, is the kth output sample, a; (j €
{1,2,...,M}) is the kth sample of the jth input quantity, and x; is
the jth parameter value. The total number of samples is N and the
total number of parameters and input quantities is M. Eq. (35) can be
formulated in matrix form as

b = Ax, (36)

where by is the output vector, A y,, is the input matrix, and x,,,, is
the parameter vector. The elements of the input and output matrices are
considered known (measured quantities), and the parameter values are
to be determined. As N # M in general, the input matrix is not square
and matrix inversion is not applicable. However, the parameter vector
can be determined by applying the Moore-Penrose inverse, i.e., the

pseudoinverse, as follows
= (ATA) "' ATh = A*b, 37)

where A* = (ATA)"! AT is the pseudoinverse of matrix A. Note that
the dimensions of the matrix product ATA being inverted are M X M.
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When the number of parameters M is low, the inversion procedure
is computationally simple, which is particularly convenient for real-
time parameter estimation. The parameter values obtained using this
procedure guarantee a minimal sum of squared errors between the
measured and calculated output values.

For an RL load, the current in the next sampling instant can be
calculated based on the current in the observed sampling instant and
the applied voltage as
. Ay _a
Ippp =lg-e t +E<1—e 1)

“n(1-4) B2
where i; and i, ,; are current measurements at the time instants kAt and
(k+1)4t, respectively, while v, is voltage distributed across the resistor
and inductor. Since the voltage of the converter is changing during
the switching period, it is preferable to set Ar significantly smaller
than T, which can also be helpful for the approximation in previous
equation. The previous formulation is suitable for a single-phase load;

a slight modification is required for a three-phase system. Namely, the
reference voltages may contain a zero-sequence component

(38)

v, +v,+ 0,
—
which needs to be subtracted from each phase voltage. By doing so,
phase currents are obtained as follows

vy = (39)

1 1
. . At 2 Vak = 3Vbk = 3Vck At
lak+1 R lak (1 - 7) + E - ——
(1 >+ Ua0,k At’
T
. (1 At)+2“bk 5 Ve ak At
Ipks1 Ripg - 3 R . (40)
At Upo.k At
=’bk(1 7)"" p
At 2 Vek = 30ak =~ 53Uk At
e sl ~lck(1 ?)4—5 R -
. At c0.k At
=i (1= )+ T

The previous equations can be expressed in terms of measured quanti-
ties and unknown parameters:

Ij ka1 = 1) %1 + Vjo X2 41

where j denotes one of the three phases and

At At
Xl_l—?, X2=§. (42)

Note that the form of (41) corresponds to (35), wherein:

jgr1 = b B = aye Vjog = Ay (43)

A matrix formulation corresponding to (36) now can be obtained. The
parameters vector x can now be obtained from (37). After determining
the values of x; and x,, the load parameters are calculated as:

L—At,

_L,_
- R_At(l x1). 44

3.2.5. Delay compensation

In this analysis it is assumed that the actual model parameters are
obtained by the estimation procedure, so k; and ky are equal to 1 and
also E, = E. Therefore, the closed-loop transfer function of the system
from Fig. 5 becomes

Ry 1 1-E

I-E Ry 2-E
Gep(a) = ———— : (45)

ac LtE.za

1-E Ry 2-E
which can be further simplified to
1

Ge2)= ——/———. (46)

z+E-z7¢—-F
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Fig. 6. Block diagram of deadbeat control with Smith predictor.

When a = 1, which corresponds to a unit delay, the poles of the transfer
function (46) are

E + VE2—4E (47)

z =
pl,2 2

The module of these poles is equal to

|z,1.21 = VE, (48)

which means that when E - 1 (¢,, > T,), system stability is
compromised.

To insure system stability when a time delay is present, delay com-
pensation is required. Delay compensation is based on measurements,
former control inputs, and estimated model parameters. In this paper,
a Smith predictor is used, as shown in Fig. 6. Closed-loop transfer
function of this system is

Ge(2)=(1-E)/

49
(z(1 = E)— E + E? + z'79(E — E**!) = z79(E? — E*1)). @

When a = 1, the transfer function becomes 1/z, i.e., the pole is relocated
to 0, and hence system stability is not longer compromised.

4. OPAL-RT verification of standalone MMC with the passive load

In this section, the control algorithm that utilizes OVL-MPC as a DC-
bus and circulating current controller is implemented with the topology
from Fig. 1. MMC is connected to the constant DC source on the DC
terminal, while on AC terminals, RL three-phase load is connected.
MMC parameters are: DC source voltage v,, = 100 V, number of
SMs within the single arm N = 4, switching frequency f;, = 4 kHz
(T, = 250 ps), arm inductance L, = 4 mH, arm resistance R,,,, = 10
mQ, SM capacitance C,, = 10 mF. Load parameters are the resistance
of R = 10 Q and inductance of L = 10 mH. There is no three-phase
grid present in this simulation, meaning grid voltage v is equal to
the zero for every j € {a,b,c}, with a passive load connected in the
Y configuration. Since there is no grid voltage, AC current reference
frequency is equal to f = 50 Hz, and angle of the AC current reference is
equal to ¢ = 2z ft. Also, in this simulation, only active power is being
controlled, while iire e the output of the reactive power controller, is
set to zero.

The idea of this section is to test the control algorithm with passive
load, and also with a small number of SMs. MMC topologies with a
small number of SMs are topologies where a significant improvement
in AC current quality is expected when using this control algorithm,
as compared to the classical OVL-MPC control mechanism. First, this
amplitude of AC current reference value is set to I* = 2.5 A. Then, at
time instant 0.05 s, this value is suddenly changed to the 4 A.

From Fig. 7 can be concluded that AC current responses successfully
track their respective references even with the sudden changes in the
reference amplitude. In a range of several switching periods, responses
were able to retain a trajectory similar to the references. The DC-bus
current and circulating current achieve a steady-state around 10 ms
after a sudden change has occurred.

Time diagrams of the newly achieved steady-state are presented in
Figs. 8 and 9. As can be seen, AC current responses are fair shadows of
the AC current references, with their THD factor being equal to 1.25%.
THD of the AC current response for the different reference amplitude
when using conventional OVL-MPC and OVL-DB, are presented in Fig.
10. There is a significant improvement in the THD factor when using
OVL-DB compared to conventional OVL for all AC current amplitude
values. Furthermore, DC-bus current i,;, and circulating currents i,,,
i, and i,, are larger together with the larger AC current amplitudes.
The AC component of the DC-bus current is insignificant compared to
the DC component. A major component of the circulating currents is at
double the fundamental frequency 2f = 100 Hz, forming an inverting-
sequence three-phase current system, with amplitude kept under 0.2
A.

SM voltages of the phase a are presented in Fig. 9. The well-balanced
nature of the SM voltages within the arms is presented in the first two
time diagrams. The differences between SM voltages when appearing
are quickly diminished. The third diagram is proof of good arm energy
balancing within a single leg, with average values of Xv,,, and Zv,,
being 99.8 V and 99.5 V, respectively.

Circuit parameters can change over time (temperature effects, ag-
ing, inductor saturation, etc.) or not be properly identified to begin
with. The proposed control method is tested with faulty control param-
eters to verify its robustness to such discrepancies, both in steady-state
and transient.

aux
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Fig. 7. Time diagrams of AC, circulating, and DC current during transient - RL load.

Fig. 11 represents the simulation results when load resistance R is
changed from 10 Q to 15 Q, while maintaining that control parameter at
R, = 10 Q. The control inductance is L. = 10 mH, which corresponds
to the actual AC load inductance value. At ¢+ = 1 s, the active power
reference is stepped up from 75 W to 150 W. Before and after the
change, the amplitude of AC current response is smaller by around
11% than the amplitude of the reference. In the simulation with correct
control parameters, the current response amplitude is around 11 %
larger than the current reference amplitude with the faulty R, (1.5
times smaller than the actual value R = 15 Q). This mismatch is due to
AC power controller in OCS, i.e., power invariance (\/1_.5 -1 x022).
Due to this, the amplitude of the AC current reference in simulation
with the faulty parameters is exactly in between the response amplitude
with the faulty parameters and the response amplitude with the correct
parameters.

Fig. 12 represents the simulation results when load inductance is
changed from 10 mH to 30 mH, while maintaining control inductance at
L, = 10 mH. The resistance R, = 10 Q, which corresponds to the actual
AC load resistance value. Again, at 7 = 1 s, the active power reference is
changed from 75 W to 150 W. The amplitude of the AC current response
is lower than the amplitude of the AC current reference by less than 3 %.
Additionally, due to the parameter mismatch, AC current response lags
the AC current reference by 410 ps, which corresponds to a phase shift
of 7.38° angle.
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Fig. 8. Time diagrams of AC, circulating, and DC current during steady-state - RL
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In both of the analyzed cases there is a noticeable deviation between
the current response and the reference current. However, the system
remains stable and the AC power response is in accordance with the
reference.

The simulation results provided so far are obtained without employ-
ing the model parameter estimator. Fig. 13 demonstrates the transition
of AC current reference and response upon engaging the estimator. The
AC load parameters written in the control R, =10 Q and L, = 10 mH,
whereas the actual AC load resistance and inductance are R = 8 Q and
15 mH. The estimator is turned on at the + = 0.5 s. Before engaging
the estimator, the current response had a higher amplitude and was
lagging behind the current reference. After including the estimator, the
deviation of the current response is quickly eliminated and the response
proceeds to follow the reference without notable error.

5. RTDS verification of MMC-based HVDC power system

Since a single OPAL-RT could not support detailed real-time sim-
ulation of the larger HVDC power system, an additional RTDS-based
simulation has been performed using an RTDS NovaCor rack with 7
cores. The incorporated RTDS setup for the multi-terminal HVDC power
system is explained in [7,30], together with the control principles.
The multi-terminal MMC-based HVDC power system simulated for
this work, depicted in Fig. 14, consists of an offshore wind-connected
grid-forming converter MMC2 connected to the conventional grid via
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depending on the AC current amplitude.

long underground cables and grid-following converters MMC1 and
MMCS3. For the simulation using real-time RTDS setup, the bipolar
configuration of each terminal is taken into account. Upper MMC is
on its DC side connected between the positive and neutral terminal of
the HVDC, while lower MMC is connected between the neutral and
negative terminal of the HVDC. The nominal voltage of the HVDC is
+525 kV. On the AC side, each MMC is connected via a separate three-
phase transformer (1350 MVA, 275 kV/400 kV, D/Yn) to the AC grid
3 X 400 kV, 50 Hz. Transformer leakage reactance is equal to 0.18 p.u.
Regarding the MMCs, the number of SMs per arm is N = 200, arm
inductance equals L,,,, = 39.7 mH, and SM capacitance is C,,, = 15 mF.
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The period of the carrier used in the modulation, also being the sample
time of the control, is at 7, = 500 ps (f, = 2 kHz). Converters MMC1 and
MM2 have standard PI control implementations as explained in [30],
and MMC3 control is modified to the proposed OVL-DB.

While designing the controls, the parameters were chosen in order
that would respect the grid codes pre-defined for the future HVDC
European grid, and performed small disturbance test cases such as
power reference step change. For these test cases, as the crucial test
is observed the smooth tracking of the reference values, i.e. without
overshoots which for the HVDC power system can go between +5% of
the nominal/desired value.
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Fig. 14. Three terminal MMC-based HVDC power system simulated in RTDS.

Fig. 15 presents transient results of MMC3 after operational (active
and reactive power) reference step change. At the time instant of t = 1 s,
the active power reference is changed from 500 MW to 1000 MW, while
the reactive power reference is at 0. The figure contains time diagrams
of active and reactive power at the references at the transformer’s AC
grid side and responses, the AC currents at the same place, and the
DC-bus currents at the positive and negative terminal of the HVDC.
Reactive power reference and response are at zero during the tran-
sient period, with response closely following reference. Active power
response is at reference value again after 0.065 s after the change.
This is due to increased time constant of active and reactive power
control in the outer control loop, to ensure a smoother response and
improve the system’s stability. The AC current amplitude progressively
increases during the same 0.065 time interval. AC currents form a
direct-sequence three-phase system with their amplitude progressively
changing from 1.53 kA to 2.96 KA. Circulating currents form an inverse-
sequence three-phase system with double the fundamental frequency,
i.e., 2f = 100 Hz. During the transient, the amplitude of the circulating
currents steadily reaches 0.34 kA, starting from 0.166 kA before the
power reference change. The positive terminal DC-bus current of the
single MMC jumps from 2.45 kA to 5 kA with a time interval of
0.12 s needed to achieve a new steady-state compared to the first two
time diagrams. The behavior of the negative terminal DC-bus current
is similar to the positive terminal current, with the only difference
being with the sign of current. Overall, from Fig. 15 can be observed
a good tracking of active and reactive power and fast reaction to the
disturbance.

Furthermore, at the new steady-state (Fig. 16), active and reactive
power response overlaps with the corresponding references at 1000
MW and 0 MVAr. The power responses align closely with their respec-
tive reference values, demonstrating stable steady-state performance.

10
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Fig. 15. MMC3’s time diagrams during transient: active power reference change from
500 MW to 1000 MW.

Table 1

THD factor vs. active power reference.
P, [MW] THD [%]
—-1000 1.3
-750 1.35
-500 1.84
—250 2.88
250 3.12
500 1.89
750 1.31
1000 1.29

The AC currents form direct-sequence system at 50 Hz. The THD factor
of the AC currents over the interval from 1.92 s to 1.98 s equals 1.28%.
DC-bus current is relatively constant, with switching harmonics present
starting from f; = 2 kHz. Circulating currents contain second-order
harmonics at 100 Hz, and together forms inverse-sequence three-phase
system. Circulating current amplitude are around 10% of AC current
amplitude.

Additional change of the reference happens at time instant t = 2
s, where active power reference is changed back to 500 MW from
1000 MW. Similar to the first test, a new steady-state is achieved after
0.065 s, with AC, circulating, and DC-bus currents back at their original
amplitude values before the 1 s time instant. The system remain stable
after returning to its original state. This is depicted in Fig. 17.

As it can be concluded, the proposed control approach is interop-
erable in the bigger three-terminal HVDC power system and confirms
the conclusions of the stable control operation for a standalone MMC,
provided by OPAL-RT simulation. Furthermore, THD factor values for
different active power references are presented in Table 1. In accor-
dance to the THD value definition, MMC3’s AC current quality is better
with the greater active power reference values, in both cases: when
active power is taken from the AC grid (negative values of P,
active power is supplied to the AC grid (positive values of P,

P,s), and
ef)
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Fig. 17. MMC3’s time diagrams during transient: active power reference change from
1000 MW to 500 MW.

11

International Journal of Electrical Power and Energy Systems 167 (2025) 110583

6. Conclusion

This work develops an optimal voltage level-MPC (OVL-MPC) for
the inner loop current control, replacing the classical inner loop
proportionate-integral (PI) controller. Furthermore, a deadbeat AC cur-
rent control is integrated with the OVL-MPC to pursue the modulation
of the MMC switches. This means that instead of using switching state-
MPC (which is computationally expensive to optimize), OVL-MPC is
integrated with the deadbeat AC current control which has a superior
transient performance with low computational burden. As a result of
a faster convergence of the inner loop OVL-MPC, while the transient
performance of the devised controller is much superior to the dual-loop
classical PI controller, the steady-state performance is also comparable
to the dual-loop classical PI control. This is because the outer loop
of the proposed controller is still realized with classical PI control.
This complements the nature of the proposed controller with supe-
rior transient and robust steady-state performance with the low total
harmonic distortion. To enhance system stability, the Moore-Penrose
pseudo-inversion is proposed for parameter identification, and a Smith
predictor is suggested for delay compensation. Their effectiveness is
demonstrated through successful simulation results. Two real-time val-
idation tools i.e., OPAL-RT and RTDS are used separately to verify the
performance of the devised controller for different operational power
and load transients for both small scale standalone MMC and also high
scale MMC integrated in the three terminal HVDC-based power system.
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